Drug delivery research employing micelles and nanoparticles has expanded in recent years. Of particular interest is the use of these nanovehicles that deliver high concentrations of cytotoxic drugs to diseased tissues selectively, thus reducing the agent's side effects on the rest of the body. Ultrasound, traditionally used in diagnostic medicine, is finding a place in drug delivery in connection with these nanoparticles. In addition to their non-invasive nature and the fact that they can be focused on targeted tissues, acoustic waves have been credited with releasing pharmacological agents from nanocarriers, as well as rendering cell membranes more permeable. In this article, we summarize new technologies that combine the use of nanoparticles with acoustic power both in drug and gene delivery.
Introduction
Nanotechnology has finally and firmly entered the realm of drug delivery. Such is an obvious match -to combine the fields of medicine and therapeutic delivery with the up-andcoming universe of nanotechnology and nanoparticles. Although the cells themselves are larger than the usual size that demarks a nanoparticle, the targets of therapeutic drugsthe membrane protein complexes, membrane pores, organelles, ribosomes, chromosomes, and even DNA itself -are nanosized structures. Thus it is natural and expected that as the technology for nanoparticle manipulation and nanoscale visualization has matured, so has the technology to manipulate biology and drug carriers on the nanoscale to produce better health and life for humankind.
Time and space do not permit us to review all of the nanotechnology innovations that have been introduced into medicine during the past two decades. Instead the focus will be on the use of ultrasound and nanosized drug carriers to deliver drugs, genes, and other therapeutic agents specifically to their targeted sites in the body. Targeted drug delivery is essential to modern medicine in which specifically designed and effective drugs are employed to work on selected tissues, cells, and cellular structures. For example, in chemotherapy one often would like to deliver a fairly toxic chemotherapeutic agent directly to a target tissue or location instead of injecting it systemically into the whole body. Similarly in gene therapy for cardiac or brain tissues, it is essential to deliver the gene to that organ only, and perhaps to even a small volume within that organ. Not only does localized delivery use less of the often very costly drug or gene, but also such localized delivery spares the rest of the body from exposure to the therapeutic, resulting in fewer of the detrimental side effects that often accompany drug and gene therapy. In this review, the main modality of localized drug delivery is the use of focused ultrasound to effect drug or gene release at the target tissue, and to stimulate the targeted cells in a manner to render them more prone to drug or gene uptake, or more susceptible to therapeutic processes. This review presents those technologies that use ultrasound in combination with nanoscale therapeutics or therapeutic carriers such as micelles and other nanoparticles.
Ultrasound
Ultrasound (US) consists of pressure waves having frequencies of 20 kHz or greater. Most often the US is generated by piezoelectric transducers that change an applied voltage into mechanical displacement of a surface (the face of the transducer) that is in contact with water, gel, or some other media that can efficiently transmit ultrasonic waves. Usually the transducers are designed to couple the sound waves into body tissue, but not into air. Thus, the transducer must be placed in direct contact with tissue or skin, and the air in between must be excluded through the application of a fluid such as water or ultrasonic gel. Such a simple application has obvious advantages in that there is no surgery or other invasive procedures, thus eliminating pain and minimizing patient aversion to such therapies.
Like optical and audio waves, ultrasonic waves can be focused, reflected, and refracted through a medium [1] [2] [3] [4] . Thus US can be carefully controlled and focused on the tumor site or a particular tissue volume within the body. As mentioned, such site-specific treatment is beneficial in drug delivery to localize the drug interactions to the target tissue only, thus sparing the body from deleterious side effects.
Although often compared to light waves, US is a very physical phenomenon; the pressure waves constituting US actually cause a compression and expansion of the transmitting medium, and there is a slight oscillatory displacement of the medium as the pressure waves pass through. This movement creates forces that physically push and stress cells and tissues, but not with sufficient force to disrupt cell membranes, unless gas bubbles are present [5] [6] [7] .
Another difference between ultrasonic sound waves and light waves is the amount of absorption or scattering that occurs as the wave passes through the medium. Whereas visible light can only penetrate very short distances in tissue (except near infrared which has less absorption), ultrasound can penetrate fairly deeply, depending upon the wavelength and the tissue type. Water and gel have very little absorption and scattering (collectively called attenuation), but muscle has fairly high attenuation, and bone and lung tissue have very high attenuation. This means that ultrasound can "penetrate" into tissues better than can light, but it does not penetrate easily into or through bone or lung tissue. In general, the amount of attenuation increases as the frequency of the US increases, so low frequency US can penetrate more deeply into tissues. The acoustic parameters of various tissues at US frequencies have been collected and published elsewhere [8, 9] .
There are other significant advantages that render US useful in drug delivery. Some studies have shown a synergistic effect between the pharmacological activity of some drugs and ultrasound [10] [11] [12] [13] [14] [15] . Additionally, US enhances drug transport through tissues and across cell membranes by various mechanisms [7, [16] [17] [18] . Finally, the absorption of US can be used to create local tissue hyperthermia, which is often employed by itself or as an adjuvant to chemotherapy in treating some tumors [13, 19] . Reviews of "non-nanoparticle" applications of ultrasound in drug delivery can be found elsewhere [20] [21] [22] [23] [24] [25] .
The interactions between ultrasound and biological tissues are divided into two broad categories: thermal and non-thermal effects. Thermal effects are associated with the absorption of acoustic energy by the fluids or tissues [5] . Non-thermal bioeffects are generally associated with oscillating or cavitating bubbles, but also include non-cavitating effects such as radiation pressure, radiation torque, and acoustic streaming. With respect to drug delivery, these latter bioeffects are probably not greatly involved except to the degree that the fluid or particle motion (via acoustic streaming or radiation pressure) increases convection currents, thus increasing the transport of drug toward or into the cell.
Cavitation is defined as the oscillation of bubbles in an acoustic field. Cavitation can produce strong stresses on cells, leading to various "bioeffects" which may increase drug interaction by upregulating pathways of various types of stress response, or by physically shearing the cell membrane to allow direct passage of therapeutics into the cytosol. Ultrasound has the ability to excite a wide range of bubble sizes, but the bubbles that can achieve the highest level of oscillation are those whose natural resonant frequencies are near the applied ultrasonic frequency. At relatively low acoustic amplitude, bubbles oscillate at the same frequency as the applied sound waves, and with relatively small expansion and contraction in size. During this mild cavitation, called stable or non-inertial cavitation, the bubbles accumulate dissolved gas from the surrounding liquid and slowly grow in size. As the acoustic pressure increases or as the size of the bubble approaches the resonance size, the oscillations increase in amplitude, become non-linear, and eventually result in the total collapse of the bubble. Collapse occurs as the inertia of the inward-moving water surface overcomes the internal pressure to create supercritical fluid within the bubble. This collapse event, known as inertial or collapse cavitation, creates a shock wave, and generates extremely high pressure and temperature (several thousands of degrees K). Literature reports indicate that these strong forces are capable of causing substantial damage to cells. However, it is important to mention here that non-inertial as well as inertial cavitation can cause damage to cell membranes. Even with stable cavitation alone, the rapidly oscillating surfaces of the bubble create high fluid shear forces that can stress the insonated cells and produce ruptures in the membranes of some types of cells [6] .
The acoustic pressure threshold to produce collapse cavitation decreases as the applied frequency decreases, so inertial cavitation is more likely to occur at lower frequencies (given the same intensity or acoustic pressure amplitude). Apfel and Holland observed that the ratio of the acoustic pressure and the square root of the frequency approximately predicted the onset of collapse cavitation for a single acoustic cycle [26] . This has led to the development of a parameter called the "mechanical index" (MI), which is a measure of the likelihood of collapse cavitation occurring. The MI is defined as
where P − is the peak negative pressure amplitude and f is the applied frequency. The onset of collapse cavitation occurs when MI is in the range of 0.3-0.4, biological effects start to appear at about 0.7, and detrimental biological effects start to occur when MI N 1 [27] . If multiple acoustic cycles are applied, these threshold values decrease [28] .
Nanoparticles
In this review, a nanoparticle is defined as a distinct collection of molecules that has a size scale between 1 nm and 1 µm and forms a separate phase in aqueous suspension. Nanoparticles can be classified as solids, liquids or gases, depending upon what macroscopic phase state the particle possesses at room temperature. Nanosized gas bubbles are used for drug and gene delivery, but their review will not be included in this paper since they are reviewed elsewhere in this same journal issue [3, 24] . In most medical applications, the solid or liquid nanoparticles are dispersed in a liquid, thus forming suspensions or emulsions. For convenience, this review divides these nanoparticles into micelles, nanoemulsions, and suspensions of solid nanoparticles.
Micelles
For the purposes of this review, a micelle is defined as a collection of amphiphilic surfactant molecules that spontaneously aggregate in water into a (usually) spherical vesicle (see Fig. 1 ). The center of the micelle is hydrophobic and therefore can sequester hydrophobic drugs until they are released by some drug delivery mechanism. Conventional micelles are formed from small molecules that have a hydrophilic or polar or charged "head" group and a hydrophobic tail, often composed of the hydrocarbon portion of long fatty acids. The molecular size and other geometrical features of the surfactants determine the size of the micelle [29] .
Polymers that have "blocks" or segments of alternating hydrophilic and hydrophobic character can also form micelles in water. Such polymers used for drug delivery often have hydrophilic blocks composed of poly(ethylene oxide) (PEO) and hydrophobic blocks of poly(propylene oxide) (PPO), poly(lactic acid) (PLA), or other biocompatible and hydrophobic polyethers or polyesters. These copolymers are diblock, triblock, or even more complex structures [30, 31] . One of the most commonly used types of copolymer is an ABA block copolymer of PEO-PPO-PEO structure with the trade names of Pluronic® and Poloxamer™.
Nanoemulsions
Emulsions are two-phase mixtures of insoluble liquids, with a "continuous phase" surrounding discrete vesicles of the "dispersed phase". Usually an emulsion must be stabilized by some kind of surfactant system to prevent the dispersed phase from coalescing into a macroscopic phase [32] . Although many emulsions are of micron size scale, most can also be formulated on the nano-size scale. In drug delivery systems, the continuous phase is most often the aqueous phase, and the drug often is carried in (or is itself) the non-aqueous liquid phase of the emulsion. Surfactant molecules that stabilize nanoemulsions are often the same that form micelles as described in the preceding paragraphs. Hydrocarbon or fluorocarbon liquids are commonly employed as the dispersed phase, which most often carries a hydrophobic drug; thus the nanoemulsion carriers must be dissolved or disrupted somehow for quick release to transfer the drug to the target cells and tissues. More stable emulsions can slowly deliver therapeutics by diffusion from the hydrophobic interior.
Solid nanoparticles
Solid nanoparticles are distinguished from nanoemulsions by several key features. As defined above, a solid nanoparticle has a solid core, or at least the material in the core forms a macroscopic solid at room temperature. Furthermore, whereas nanoemulsions and micelles normally consist of spherical vesicles, solid nanoparticles are not necessarily spherical. They are often angular, particularly if they consist of crystals of a protein or another therapeutic agent. A surfactant is usually required to stabilize a solid nanoparticle suspension and prevent flocculation.
There are several general categories of solid nanoparticles used in drug delivery [33] . Polymeric nanoparticles consist of nonsoluble polymers that are often biodegradable, and thus they can release drugs as they degrade or can release them by diffusion of the drug from the polymeric core. In some formulations the drug or prodrug is attached by a labile linkage to the polymer. If the polymer is not soluble, nanoparticles can be formed. On the other hand, soluble or amphiphilic polymers (with attached drugs) can also be formed into hydrogel nanoparticles by physically or covalently crosslinking the polymer once the nanoparticle has been formed so that it will not dissolve in water (or blood). A rather novel polymeric drug carrier is a dendrimer, a highly branched (usually) hydrophilic single polymer molecule of nanosized scale; drugs can be attached to the ends of the branched polymer arms, or small drugs can be sequestered inside the dendrimer and then be released by diffusion.
There are also many types of non-polymeric nanoparticles. For example, aggregates of hydrophobic proteins or drugs may partially or completely crystallize into nanoparticles. Other examples include nanotubes and fullerenes, which are tubular or spherical cages of graphitic carbon that can carry drugs within their volume or attached to their surface [34] . Liposome nanoparticles consist of a lipid bilayer surrounding an aqueous core; although often larger than nanoscale particles, they can be produced in sub-micron size, and they can carry drugs in their lipid bilayer or aqueous core. If the lipid is not above its melting temperature, these could be classified as nanoparticles. The review of liposomes for ultrasonic drug and gene delivery is found elsewhere in this journal issue [25] .
Solid lipid nanoparticles consist of a solid lipid core that can carry a hydrophobic drug, which is often stabilized by an external monolayer of steric or charged surfactant. Closely related are nucleic acid nanoparticles consisting of DNA or RNA polynucleotides (which carry negative charges) that have condensed with cationic lipids or cationic polymers; once the nucleotide charge is neutralized, the complex is usually sufficiently hydrophobic to form nanosized particles that can be taken up by cellular endocytosis and pinocytosis mechanisms [35] . In this review, free DNA, such as non-complexed plasmids or linear poly(nucleotides), is not reviewed as a nanoparticle because it dissolves in water.
These are just a few of the various nanoparticles that can be used in drug delivery. Although only a small subset of these have been used to date in conjunction with ultrasound, there is no fundamental reason why all of them could not be likewise employed.
Micellar drug delivery with ultrasound
The use of micelles in drug delivery is ubiquitous throughout pharmaceutical history. However, only recently has ultrasound been combined with micellar drug delivery. There are many more reports of US-assisted drug delivery from micelles than from nanoemulsions and nanoparticles. Thus we will begin with this topic.
Micelles in drug delivery
Micelles can be formed from simple and small surfactants or from large amphiphilic block copolymers. In applications employing polymeric micelles, hydrophobic drugs are usually sequestered in the micelle core, although it is possible to attach drugs to the hydrophilic polymer of the corona. Most published applications of ultrasonic-assisted micellar drug delivery employ polymeric micelles. There are very few reports of ultrasonically-enhanced gene delivery from micelles.
Polymeric micelles
The advantages of copolymeric micelles over other types of nanosized drug carriers are:
1. They are fairly structurally stable at high concentrations of the copolymer (where they form micelles). Since these molecules have high molecular weights, the dissociation time upon dilution is usually longer than other micelles consisting of molecules with lower molecular weights (MW) [36] . 2. When their corona contains PEO chains, the micelles are able to circulate in the blood for longer periods of time without being recognized and subsequently cleared. They are also stable in other biological fluids [37] . In addition, these polymeric compounds do not degrade, so they have a long shelf-life. 3. They are usually large enough to escape renal excretion (15-30 nm) while often being of an appropriate size to allow for extravasation and accumulation at a tumor site. 4. Hydrophobic drugs can be easily incorporated into copolymer micelles by the simple act of mixing. Physical entrapment is an efficient and easy way of loading drugs into micellar systems. Physical entrapment for ultrasonic delivery has been achieved for several anticancer drugs including Doxorubicin (Dox), Ruboxyl (Rb), and Paclitaxel in polymer micelles [38] [39] [40] [41] .
Another method of incorporating drug into micelles is to use chemical conjugation. Chemical routes involve covalent coupling of the drug to the hydrophobic block of various copolymers, leading to micelles of block copolymer-drug conjugates [42] [43] [44] [45] . For example, the pharmacokinetics and distribution of Dox in polymeric micelles formed by a drug-polymer conjugate was studied by Kataoka et al. [46] . They found that the conjugate circulated in the blood in the form of micelles much longer than when introduced in free drug form. The uptake of drug conjugate by various non-targeted organs proceeded much slower than that of free drug. Other studies by the same group showed that compared to free drug, lower levels of conjugate were found in the heart, lung, and liver, whereas a much higher conjugate level was found in the tumor [47] .
Additionally, Pechar et al. have succeeded in synthesizing a biodegradable block copolymer of PEO linked by oligopeptides with amino end groups [48] . They used an interfacial polycondensation reaction to react diamine with poly (ethylene glycol) bis(succinimidyl carbonate). Doxorubicin was attached to the drug carrier by a tetrapeptide spacer of (Gly-Phe-Leu-Gly), which degrades in the body by enzymatic hydrolysis. Polymer-bound Dox was able to delay tumor growth and reduce the toxicity of the drug. However, their approach involved complex synthetic steps as well as lengthy purification procedures and required the chemical (not ultrasonic) release of the drug at the target site.
The main disadvantage with most micellar carriers is their rapid clearance from circulation. However, as mentioned above, by incorporating an exterior layer of PEO, the micelle surface is modified such that these micelles are not cleared as quickly. Because of the hydrophilic nature of PEO, water associates with the PEO chains, and this leads to steric repulsion of proteins and a subsequent reduction in protein adsorption on the surface of these drug vehicles. By reducing, and in some cases preventing, protein adsorption, micellar drug carriers remain longer in the blood circulation because they are protected from detection and subsequent clearance by several biological mechanisms including endocytosis, phagocytosis, and liver uptake [49] . Several research groups reported that the inclusion of PEO chains in the design of drug delivery systems resulted in a dramatic increase in the concentration of encapsulated drug in the blood, which led to a significant increase in drug concentration in tumors [50, 51] .
Drug delivery using targeting moieties is a popular method being investigated currently to minimize the unwanted side effects of medications. If the blood concentration of the therapeutic agents can be reduced, or even better, if they are kept at a minimum in the systemic circulation while maximizing the drug concentration at the target site, the efficacy of the agents can be maintained while the detrimental side effects observed in the rest of the body can be reduced. Targeting strategies for microbubbles are reviewed elsewhere in this issue [24] . However, many of these same schemes could be applied to micelles used in ultrasonic delivery.
Several research groups have reported methods of physically (as opposed to covalently) sequestering the therapeutic agent in a molecular vehicle. The contents of these carriers are then released at the target site, thus reducing the negative side effects associated with systemic drug administration of free drug. Ample literature exists in which micelles are used as drug delivery carriers [37, [43] [44] [45] [46] [47] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] . Kwon et al. studied the loading of Doxorubicin in micelles of poly(ethylene oxide)-poly(β-benzyl-L-aspartate) [52] . Their work demonstrated that these micelles have solidlike cores that are difficult to load with Dox. Thus, an oil-in-water emulsion is used to sequester the agent in the hydrophobic core of these micelles. The drug is dissolved in chloroform, and the resulting solution is allowed to dissolve in the micellar solution. The chloroform is then evaporated, leaving the Dox loaded in the micelle at about 5%-12% loading capacity. The loaded nanoparticles are able to release Dox slowly from their cores over a period of several days as measured by UV absorption.
Pluronic micelles
As mentioned, Pluronics® are a family of ABA type copolymers with A representing the hydrophilic PEO segments, and B corresponding to the slightly hydrophobic PPO mid-segment [53] . Batrakova et al. used the Pluronic copolymers to counteract resistance mechanisms in multidrug-resistant cells [54] . These experiments demonstrated that low concentrations of Pluronic® could overcome multidrug resistance developed by cancer cells that had been repeatedly exposed to a chemotherapeutic agent. In addition to proving that low concentrations of Pluronic® were capable of reversing drug resistance, the group found that higher concentrations of the surface-active triblock copolymer (concentrations above the critical micellar concentration, CMC) resulted in less accumulation of Dox inside the cellular compartments. Thus, they discovered serendipitously that by administering an antineoplastic agent in a highly concentrated Pluronic solution, the drug was sequestered inside the hydrophobic core of the resulting micellar solution. The micellar behavior of the Pluronic® copolymer can be employed to sequester hydrophobic drugs, thus reducing the effective drug concentration in the systemic circulation and protecting healthy cells from interacting with the toxic drug. The drug was slowly released from these self-assembled micelles.
It is important to note here that in a high concentration of a Pluronic® solution (above the CMC), equilibrium is established between unimers and micelles. The unimers are still able to overcome the multidrug resistant (MDR) behavior exhibited by the cancerous cells, while the presence of micelles is capable of protecting the healthy cells in the body. However, not all block copolymers may be innocuous at such high concentrations.
Micelles in the size range of 5-25 nm (diameter) are spontaneously formed in solutions of Pluronic® P105, and are very commonly used in ultrasonic drug delivery. In P105 the number of monomers in each PEO and PPO block are 37 and 56, respectively. At concentrations above 4%, P105 forms dense aggregates that have the capability of encapsulating hydrophobic drugs [55] . Thus this micellar drug delivery system was very effective is sequestering Dox and then releasing the Dox upon application of low frequency ultrasound [56, 57] .
Using KI as a fluorescence quencher, Rapoport and Pitina [58] have shown that the decrease in DOX and Rb fluorescence, due to its interaction with I − , was considerably less when both drugs where introduced in a solution of 20% P105 than when they were dissolved in PBS, showing that most, if not all, of the drug, was sequestered in the core of the micelles.
Examples of ultrasonic drug delivery from micelles 2.2.1. Ultrasound-induced release from micelles
To determine if US was releasing drug from the micellar carriers, an ultrasonic exposure chamber with real-time fluorescence detection was constructed to measure acoustically-triggered drug release from Pluronic® P105 micelles under continuous wave (CW) or pulsed ultrasound [56] . Drug release was highest with 20-kHz ultrasound and dropped with increasing ultrasound frequency despite higher power densities. The data suggested that cavitation has an essential role in drug release.
The original hypothesis was that non-thermal non-inertial cavitation caused drug release from unstabilized and stabilized drug carriers (see below), but careful experiments quickly disproved this hypothesis and indicated that inertial cavitation (not stable cavitation) was responsible. Experiments were carried out at 20 kHz or 476 kHz in a custom acoustic chamber equipped with a hydrophone capable of recording the acoustic signatures produced by the cavitation events [59] . Results revealed that there is an intensity threshold required to release Dox, and this threshold corresponds to the appearance of acoustic signatures for inertial cavitation: subharmonic emissions and broadband noise [60] .
Although Dox is easily sequestered and released from P105 micelles in vitro, this type of micelle is not sufficiently stable to be used in vivo. Dilution in the blood upon injection would quickly dissolve the micelle and prematurely release the drug into the blood stream. Therefore, a second generation drug carrier (NanoDeliv™) that was more stable upon dilution was synthesized from P105 by copolymerizing an interpenetrating network of thermally responsive acrylates in the hydrophobic core [61] . Some third generation micellar drug carriers with time-controlled degradation that also release Dox in vitro upon ultrasonication were synthesized [62, 63] .
Using the same fluorescence detection chamber mentioned above, the in vitro release of Dox from several carriers was studied and showed that ultrasound causes release of up to 10% of the drug from Pluronic micelles, but only about 3% of the drug in stabilized micelles such as NanoDeliv™ [60] . Although these numbers are low, 3% of drug is released each time ultrasound is applied, so that pulsed US could theoretically release nearly all of the drug when released in the presence of cells that compete for the uptake of Dox.
One of the puzzling aspects of the research was that even though inertial cavitation was observed at 476 kHz, there was no observation of change in fluorescence indicative of Dox release from Pluronic micelles at this higher frequency, even while using the same laser detection system employed so successfully at 70 and 20 kHz. Thus, to determine why and how bubble cavitation activity at this frequency was different than at 70 kHz, bubble oscillation behavior was modeled using the Keller-Miksis-Parlitz equation [64] . The results showed that at 476 kHz, the bubble takes a classical "period-doubling" route to chaotic oscillation over the range of mechanical index (MI) = 0.28 to 0.41, whereas a bubble at 70 kHz jumps quickly to chaotic behavior at MI = 0.35 [65] .
To further understand ultrasonically induced Dox release from micelles, mechanistic models were fit to the kinetic data of Dox release and re-encapsulation from stabilized and unstabilized micelles subjected to long pulses of ultrasound. The simple models using a limited data set showed that Dox release was zeroorder with respect to the encapsulated drug concentration, and that re-encapsulation was first-order with respect to free (released) Dox concentration [66] . Subsequently more data were collected to further expand the ranges of operating conditions including power density, frequency, Pluronic P105 concentration, and temperature. The data on Dox release were analyzed as a function of these various acoustic parameters, applying methods of both artificial neural network models [67] and chemical kinetic models [68] . The results of these models showed that drug release is most efficient at lower frequencies. The analysis also demonstrated that the amount of drug release increases as the power density increases. Sensitivity plots of ultrasound intensity revealed a drug release threshold of 0.015 W/cm 2 (MI = 0.15) and 0.38 W/cm 2 (MI = 0.40) at 20 and 70 kHz, respectively [60] . The presence of a power density threshold provides further evidence that inertial cavitation plays an important role in acoustically-activated drug release from polymeric micelles.
Further studies carefully examined the onset of collapse cavitation at 70 kHz and its effect on drug release from micelles. In these experiments, the release of Dox in the diagnostic volume was measured by a laser fluorescence technique described previously [59] . Simultaneously the acoustic spectrum of the bubbles within the same diagnostic volume was recorded using a calibrated hydrophone (Bruel and Kjaer 8103, Decatur, GA) whose output voltage was monitored and captured with an oscilloscope. The signal was analyzed online with a spectrum analyzer or post-processed by Fourier transformation to produce an acoustic spectrum. The observation of harmonic frequencies (2f, 3f, etc.) of the applied frequency (f) revealed the presence of gas bubbles that were excited into large amplitude non-linear oscillation [69] . Subharmonics also appeared at higher acoustic intensities, indicative of highly non-linear oscillations thought to indicate the onset of inertial cavitation. Most importantly, the sudden appearance of a broadband noise background was attributed to white noise from shock waves produced by the onset of inertial cavitation. The results of these experiments showed that there is a strong correlation between the subharmonic signal and the amount of Dox released, suggesting that chaotic bubble behavior and inertial cavitation are highly associated with the observed drug release [60] .
In vitro drug delivery targeting cells
An early study of ultrasonic-enhanced micellar drug delivery involved DNA damage induced by Dox delivered to Human Leukemia (HL-60) cells from Pluronic® P105 micelles with and without the application of ultrasound. This research employed the comet assay [70] , which revealed the amount of DNA damage due to Dox delivery. Cell viability was also measured (as shown in Fig.  2 ). These results showed remarkable and beneficial synergism between US, Dox, and Pluronic® micelles. In the absence of US, the cells were protected from Dox by the Pluronic®; but when US was applied, the rate of cell killing was greater than that produced by Dox alone. The US was acting as a switch. The comet assay revealed that the mode of cell death in this ultrasonic drug delivery system was apoptosis rather than necrosis [71] . The fact that apoptosis is implicated suggests that the released Dox had induced gradual DNA fragmentation as opposed to the alternative hypothesis that US caused severe membrane damage and subsequent cell death by necrosis. In other words, US did not kill the cells by membrane damage, but it enhanced the typical action of the Dox.
To verify the role of cavitation bubbles in micellar delivery, Stringham et al. used an in vitro cell model to study the effect of pressurizing the acoustic chamber to suppress the effects of cavitation bubbles. In general, as the ambient pressure is increased at constant US intensity, there is a decrease of cavitational activity, which in our system manifests itself by a reduction in the height of subharmonic and ultraharmonic peaks in the acoustic spectrum [72] . Such suppression would lead to a reduction in the shear stress in the environment of the micelles. In this study, the reduction in shear stress with static pressurization was inversely correlated with the uptake of a model drug, calcein, by rat colon cancer cells in vitro [73] . Calcein, which normally does not penetrate healthy cell membranes, accumulated inside the cells during ultrasonic exposure at 476 kHz. However, as the chamber was pressurized to reduce inertial cavitational activity, the amount of calcein uptake correspondingly decreased, thus directly linking inertial cavitation to drug uptake by cells.
In vivo drug delivery targeting tumors
Our research group has been using US to enhance the delivery of Dox from stabilized micelles to solid tumors in a rat model [74, 75] . Using a bilateral model of a subcutaneous tumor on each hind leg, one tumor was exposed to 20-or 70-kHz US, Fig. 2 . HL-60 cell viability determined by Trypan Blue exclusion after exposure to the following conditions. □: 10 µg/ml DOX in PBS; ◆ : 10 µg/ml DOX in 10% Pluronic®: 10 µg/ml DOX in PBS with ultrasound; ▲: 10 µg/ml DOX in 10% Pluronic® with ultrasound; : PBS with ultrasound only; ▼: 10% Pluronic® with ultrasound. Error bars represent standard deviations. Where error bars are not observed, the size of the error bars is smaller than the size of the symbol. Figure used by permission from reference [57] . but both tumors received the same systemic Dox exposure, either free or encapsulated in NanoDeliv™. Results showed that tumors in the US-treated leg grew slower or regressed, compared to the untreated leg (p b 0.0061). In a more recent study using the same model but with 500-kHz US, we showed similar tumor regression in the US-treated leg (p b 0.001) even though there was only a slightly greater amount of Dox in that tumor tissue [76] . Because the slight increase in Dox concentration correlated with a large decrease in tumor growth, we postulated that more is happening than simple Dox release, and that perhaps cell membranes were being stressed in vivo similarly to the in vitro situation.
Howard et al. reported the use of a micellar paclitaxel delivery system with US to treat a drug resistant breast cancer tumor cell line [41] . Their results showed a 20-fold increase in drug uptake when comparing sonicated and non-sonicated samples. Furthermore, the injection of this paclitaxel formulation in conjunction with acoustic activation resulted in the complete regression of the MCF7/AD m tumors in nu-nu mice. Mice were injected with the drug formulation for 3 consecutive weeks, with the tumors receiving 30 s of 1-MHz ultrasound at a power density of 3.4 W/cm 2 . Recently, Rapoport summarized the current physical methods being investigated to deliver chemotherapeutic agents from physical micelles to cancerous tissue [77] .
Myhr et al. applied ultrasound to mice inoculated with a human colon cancer cell line to deliver fluorouracil encapsulated in a stabilized micelles similar to NanoDeliv™ [78] . Their results showed a significant reduction in the tumor volume compared to the group not receiving ultrasound. The authors reported a more significant tumor volume reduction at higher drug concentrations.
Mechanisms of ultrasonic-enhanced uptake from micelles
Drug release from the nanoparticles described above is caused by the cavitational oscillation and collapse of gas bubbles in the ultrasonic field. We have studied the physics of the interaction between the oscillating gas bubbles and the nanoparticles and have established thresholds of acoustic intensity that produce sufficient shear on the particles to produce drug release [59, 60, 67] . We presume that there is also significant shear on cell membranes that contributes to some of the observed biological effects.
The question remains as to how ultrasound enhances uptake of DOX by the cell, both in vitro and in vivo. In this section, we will discuss three postulated mechanisms that have been tested in an attempt to illuminate the process of ultrasonic-enhanced drug delivery from the micelle to the cell. These postulates are 1) ultrasonic release of the drug from micelles is followed by normal transport into the cell; 2) ultrasound upregulates endocytosis of the micelles (with their drug cargo) into the cell; 3) ultrasound perturbs the cell membrane which increases passive but direct transport of the drug, either released or still encapsulated, into the cell cytosol.
The first hypothesis proposes that the drug is released from micelles outside the targeted cells, followed by normal transport of the drug into the cells by simple diffusion or normal cellular uptake mechanisms such as endocytosis. Simply put, there is a greater concentration of drug outside the cell, so more drug gets inside the cell by normal processes, whatever they may be. To test this postulated mechanism, some of the hydroxyl groups present at the ends of Pluronic® P105 forming the micelles were labeled with a fluorescein derivative that fluoresces at a different wavelength (550 nm) than does Dox (590 nm) [79] [80] [81] . HL-60 cells were then incubated or sonicated with Dox sequestered within the fluorescein-labeled P105 micelles. The results showed that both Dox and the labeled P105 appeared inside the insonated cells.
The next question was whether the fluorescently-labeled P105 entered the cells along with or independent of the Dox. Fluorescent measurements revealed the presence of P105 inside the cells both when incubated (no insonation) and when insonated for 20 min. Unfortunately, the fluorescent measurements were not sufficiently quantitative to indicate whether insonation changed the ratio of Dox to P105 that eventually was found in the cells. Because the labeled P105 molecules themselves were found inside the HL-60 cells, there was rejection of the first hypothesis that US only caused external drug release from the micelles followed by passive drug diffusion (drugs only) through the cell membrane without the accompanying diffusion of P105 into the cells. Although these experiments showed that the P105 entered the cells, it was not possible to determine whether the copolymer (with or without drug) entered the cells through holes created in the cell membrane or through endocytotic routes.
The second hypothesis was that ultrasonic exposure upregulates endo-/pino-cytosis such that entire micelles with drug are endocytosed into the cells. Since it is unlikely that HL-60 cells express receptors for Pluronic micelles or their exterior PEO chains, receptor-mediated endocytosis was considered to be very unlikely. However, micelles might be transported into the cells by pinocytosis, a non-specific form of endocytosis in which small volumes of external liquid are engulfed by membrane invaginations. The pinocytotic vesicles eventually fuse with lysosomes. To test the postulate that insonation upregulated pinocytosis and therefore increased the uptake of the Dox and P105, we employed a model drug, namely Lysosensor Green, which fluoresces more strongly in an acidic compartment such as a lysosome [80] . The great majority of endosomes fuse with primary lysosomes to form secondary lysosomes, which have a pH of about 4.8, compared to the cytosol pH of about 7.1. Cells exposed to US and P105 micelles with Lysosensor Green were examined by flow cytometry, and they showed no statistically significant difference in fluorescence between cells incubated (no US) and cells insonated for 1 h at 70 kHz. Thus, ultrasound did not cause the probe to partition to a more acidic environment any more than it did without ultrasound, and the hypothesis was rejected that US induces upregulation of endo-/pino-cytosis in this cell line.
Rapoport et al. reported that micellar drug delivery with ultrasound enhanced the rate of endocytosis into ovarian carcinoma cells [82] [83] [84] . Furthermore, Sheikov et al. showed similar results, namely that US induced pinocytosis in the endothelial cells [85] . Thus the role of US in promoting endocytosis and pinocytosis is unresolved. It is possible that different cells respond differently to the ultrasonic stimulus such that a general rule cannot be applied.
The third hypothesis, that drug-laden micelles enter through holes in the membranes of insonated cells, is supported by several observations. For example, the study testing the first hypothesis above showed that both Dox and Pluronic® enter the cell and that Dox entry is enhanced by US; however, that enhanced entry cannot be attributed to upregulated endo-/pino-cytosis. Furthermore, studies with the model drug calcein (see section 2.2.2 above) indicated that insonation compromises the cell membrane sufficiently that hydrophilic molecules can enter -molecules like calcein that are normally excluded. This entry is directly related to bubble cavitation activity. Finally, there are other reports, including those with electron micrographs of damaged cells, that support the hypothesis that US creates transient holes in the cell membrane [7, 15, 17, 18, 86] . The ability of carefully controlled US to create non-lethal and repairable holes in cell membranes is gaining support. For example, Schlicher et al. have shown that the accumulation of the model drug calcein in prostate cancer cells was caused by US-induced membrane disruptions [7] . In many cases these disruptions can be repaired and are nonlethal.
Prentice et al. have shown examples of single cavitation events that created large divots in cell membranes [86] . They used a burst of 1-MHz ultrasound to cause the collapse cavitation of a single microbubble adjacent to a cell layer. Subsequent atomic force microscopy of the surface revealed a crater or hole of 16 µm in diameter and ∼ 1 µm in depth.
Tachibana et al. have reported the increase in cell membrane permeability and skin porosity caused by ultrasound [15, 17, 18, [87] [88] [89] [90] [91] [92] . His group has shown that the exposure of HL-60 cells to 255-kHz ultrasound and MC 540 (an anticancer drug) for 30 s formed pores in the cell membrane [15] . The cytoplasm of some cells seemed to have extruded through the pores formed in the cell membrane as a result of sonoporation. When cells were exposed to ultrasound alone, the cell membrane showed some minor disruptions. Saito et al. [16] demonstrated that exposure to ultrasound increased the permeability of corneal endothelium cells. The increase in permeability appeared to be reversible, and the cells regained their membrane integrity after several minutes.
Thus there is ample evidence that ultrasonic cavitation events create transient holes in the cell membrane, which in the case of micellar drug delivery would increase the passive diffusion of micelles and drugs into the cells.
Having rejected postulated mechanisms 1 and 2 as the sole or primary mechanism for ultrasonic-enhanced drug uptake from micelles, there is ample evidence that the third proposed mechanism is the major player, the mechanism of ultrasoundinduced permeation of cell membranes followed by direct transmembrane transport of micelles and extracellular Dox. It is still possible that mechanism 1 (drug release from micelles and subsequent normal transport) and mechanism 2 (upregulated endocytosis) may play a small but less significant (and less measurable) role. This scenario is consistent with the in vivo observations that insonation of a tumor with Dox-loaded micelles produced only a slight increase in the Dox concentration in rat tumors; and this occurred only at the shortest (30 min) time points. Yet the tumor growth was significantly retarded by this therapy [76] . Furthermore, these results were obtained using stabilized micelles that only release about 3% of their Dox cargo when insonated in vitro [60] . Thus, although ultrasound does appear to release drug from micelles, such release may not be the most important factor in reducing tumor growth in vivo. Cell membrane perturbation may be of equal or greater importance.
Ultrasonic gene delivery from nanoparticles
Although most reports of US-assisted DNA and RNA delivery involve the presence of microbubbles, there are some publications which report condensation of the nucleic acids with cationic lipids and polymers, followed by application of US in the absence of bubbles to effect gene transfection. It is noteworthy that in the absence of microbubbles or other acoustically active agents, ultrasound still increases gene transfection of naked or condensed DNA [89] [90] [91] [93] [94] [95] . There is a plethora of literature on transfection with cationic materials in the absence of ultrasound that cannot be reviewed here. The reader is referred to some recent reviews [35, [96] [97] [98] .
Compared to free plasmid delivery, there are at least three advantages to condensing polynucleotides with cationic lipids and polymers in ultrasonic gene delivery. First, the plasmid appears to be protected from degradation by ultrasound when complexed. For example, Kuo et al. found that condensation by addition of polyethylene glycols offered little protection from degradation by 20-kHz ultrasound, while condensation with sufficient amounts of high MW polyethyleimine and poly-Llysine protected the plasmids from degradation [99] . Zobel et al. found that plasmids adsorbed on nanoparticles of poly (monomethylaminoethylmethacrylate) were severely degraded by 35-kHz ultrasound; however, plasmids adsorbed on diethylaminoethyldextran-stabilized polyhexylcyanoacrylate nanoparticles were only slightly degraded under the same conditions [100] . Apparently the character of the substrate makes a difference, and interaction between the charge groups appears to be essential in providing protection. Unfortunately, some of the cationic polymers used in gene condensation for transfection can be toxic at high concentrations [101, 102] .
A second advantage of complexation is that it protects the plasmid from enzymatic degradation in the blood plasma, thus allowing more time for extravasation [103] [104] [105] .
Thirdly, when plasmids are condensed with cationic lipids or cationic polymers, the resulting nanoparticles usually range in size from 100 to 400 nm [106] [107] [108] [109] [110] . Similar to micelles and nanoliposomes, these nanoparticles are expected to extravasate into tumor tissue, to enter cells through small membrane ruptures, and to be endocytosed. The smaller sized nanoparticles may also escape clearance by the reticuloendothelial system (RES).
Nanoemulsions for gene delivery
Interestingly, there are few reports of ultrasonically-assisted gene transfection that employ liquid nanoparticles other than nanoliposomes, which are readily used because the nucleic acids are soluble in their aqueous interior [25] . Furthermore, most of these reports have employed perfluorocarbon liquids instead of hydrocarbon liquids.
Unger et al. reported the use of low-boiling-point perfluorocarbons such as perfluorohexane and perfluoropentane to transfect cancer cells in vitro using ultrasound [111, 112] . They proposed that plasmids condensed into a solid phase that was suspended inside the perfluorocarbon interior phase of their nanoemulsions, and they provided some transmission electron microscopy to support their claim [113] . In subsequent insonation, they claimed that perfluorohexane was transformed to a gas bubble that subsequently undergoes cavitational activity to enhance the transport of the plasmid into the cells by less understood mechanisms. Unger also taught that perfluoropentane, which vaporizes at 29°C (below body temperature), could be similarly employed as a liquid nanoemulsion. The additional LaPlace pressure imposed by the high curvature of the tiny nanoparticle would keep the liquid from boiling at body temperature. Although first presented in the late 1990s [114] , this nanoemulsion system for gene delivery has not been developed much since that time. It has potential for use, but perhaps the difficulty in formulation and nanoemulsion stability has discouraged further study.
In a rather unique study employing the above-mentioned perfluorocarbon nanoemulsions, Lee et al. employed 1-MHz US to transfect a luciferase gene into a silkworm model [115] . The creative aspect of this study was the combination of various modalities: transfection employing 1) a cationic liposome without US, 2) a liquid fluorocarbon nanoemulsion with US, and 3) a combination of the liposome and nanoemulsion with US. These formulations were injected into the haemocoel of the silkworm larva. Their results showed that optimal transfection occurred at 60 s of insonation, and the formulation that contained both liposomes and nanoemulsion produced the most transfection. They hypothesized that the ultrasound transformed the perfluorohexane in the nanoemulsions into gas bubbles that caused "sonoporation" of the cells in the larva, thus allowing direct gene transfection through transient membrane "holes".
Rapoport et al. were able to use multifunctional nanoparticles in conjunction with perfluoropentane microbubbles to deliver Dox to MDA MB231 breast tumors both in vitro and in vivo [77] . This study reported a statistically significant tumor regression when nanoparticles and nanoemulsions were used with ultrasound. They argued that in addition to acting as drug delivery vehicles, these nanovehicles could be used in diagnosing cancerous tissue.
Nanoparticles for gene delivery

Lipid-based nanoparticles
Gene transfection by complexes of cationic lipids and DNA plasmids, sometimes called lipofection, has been studied for years. There are commercially available systems that are optimized for transfection of various cell lines. However, there has been relatively little combination of ultrasound with lipofection, possibly because early studies using ultrasound and gas bubbles showed that the addition of the contrast agents enhanced transfection of naked DNA much more than traditional transfection using the more time-consuming lipofection process, which occurs through endocytosis and pinocytosis mechanisms [93] . The incubation time to produce gene expression is also slower using only lipofection than when using naked DNA and contrast agents [116, 117] . So why bother with lipofection when contrast agents are available? In the few studies that combined US and lipofection, the results were not always positive. Koch et al. studied the transfection of brain tumor cells using 2-MHz pulsed US and LipofectAmine™ (Life Technologies) condensed with plasmids coding for green fluorescent protein (GFP). Application of 1 min of US in the absence of contrast agent produced no change in transfection efficiency compared to conventional lipofection alone [118] .
To summarize this section on ultrasonic-enhanced lipofection, it appears that lipofection is not enhanced by ultrasound unless gas bubbles are present. If gas bubbles are present, then the transfection by naked DNA appears to be sufficient in vitro. However, one must remember that there are advantages with respect to enhanced durability when plasmids are complexed with cationic lipids.
Polymeric nanoparticles
Solid polymeric nanoparticles in an ultrasonic field, even in the absence of preformed gas bubbles, appear to be effective in nucleating bubble formation that leads to a reduction in the cavitation threshold in water [119] [120] [121] . For example, polystyrene (PS) nanoparticles decreased the threshold of ultrasound-induced cavitation activity in pure water from about 7.3 bar to less than 5 bar, depending upon the size and concentration [122] [123] [124] . The threshold decreased with increasing particle concentration, and decreased with decreasing particle size [124] . Thus even without the use of gas bubble contrast agents, there was sufficient cavitational activity to produce significant bioeffects. Although other investigators have used polymer and polyplex nanoparticles (other than PS), they did not report whether these particles lowered thresholds or enhanced US activity. It would be very beneficial to know if this phenomenon extends to other types of solid nanoparticles, the mechanisms by which this occurs, and whether such "threshold lowering" also occurs in blood or in intracellular liquids. Polymers commonly used for drug and gene delivery include PS, poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), and polyplexes of plasmids and cationic polymers [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] .
The advantage of polymeric nanoparticles over gas bubbles as enhancers of cavitational activity is that nanoparticles can extravasate beyond the capillaries where the gas bubbles cannot go because of their size. Once there, nanoparticles might catalyze cavitational activity. For example, tumor-bearing mice were injected with a PS suspension which was allowed to extravasate for one day; then 20-kHz US was applied to one tumor but not the other [125] . Histological results showed that the tumor vasculature was disrupted in the insonated tumor, but there was no damage to the non-insonated tumors (with PS particles) or tumors that were insonated without PS nanoparticles. In a similar study monitoring tumor growth rate, the tumors with PS nanoparticles regressed in volume for about five days following 20-kHz insonation, but then continued to grow at the normal rate thereafter [122] .
Examples of gene delivery
The group of Hosseinkhani et al. has published several papers showing very effective ultrasonic-enhanced gene delivery using polyplexes of DNA and cationic-derivatized natural polymers, such as cationized dextran [131] and gelatin [128] [129] [130] 132] . In these experiments, 3-MHz US (2 W/cm 2 , 10% duty cycle) was applied for 1-2 min transdermally to various tumors or to muscles on mice. Insonation always enhanced gene expression for a few days. The authors speculated that cavitation-induced cell membrane damage and permeation were responsible for the enhanced genetic expression.
In a recent study, Chumakova et al. created polyplexes of reporter gene DNA and polyethyleneimine (PEI) and loaded them on 300-nm-diameter poly(lactic-co-glycolic acid) (PLGA) nanoparticles [127] . These particles were injected into nude mice bearing bilateral human prostate tumors on their backs. Pulsed insonation for 5 min at 1 MHz and − 7 bars produced a significantly greater expression of the reporter gene in the tumor compared to the non-insonated bilateral control tumor. The authors believed that the particles were "gas-filled" and oscillated in the acoustic field, which stimulated their uptake by endocytosis. This reviewer believes that it is also possible that the particles induced gas bubble formation and subsequent cavitational activity that could also have promoted uptake.
In an interesting combination of nanoparticles and gas bubbles, Zhou et al. [126] created reporter gene polyplexes with poly(L-lysine) (PLL) and with reducible PLL (rPLL); then they further stabilized these against RES clearance with a coating of poly(N-(2-hydroxypropyl) methacrylamide). These nanoparticles were mixed with a suspension of 4T1 carcinoma cells and Optison contrast agent in vitro and exposed to 2.25-MHz CW ultrasound (0.6 MPa) for 1 min. Insonation increased the gene expression from the nanoparticles by 2 orders of magnitude, but increased by 3 orders of magnitude the gene expression from naked DNA. Although delivery of naked DNA outperformed the nanoparticles, the authors pointed out that naked DNA would be cleared very rapidly in vivo, and thus the nanoparticles would have the advantage of persistence and extravasation.
Ultrasonic-assisted gene delivery with micelles
Chen et al. reported the use of Pluronic® copolymers in gene delivery [133] . Their study included three different compounds, namely L61, F127, and P85, and employed 1-MHz US for 20 s at a power density of 1 W/cm 2 . They concluded that both F127 and P85, at concentrations ranging between 0.005% and 0.1%, were efficient in increasing the rate of transfection up to 30% when US was employed. Since polynucleotides are not hydrophobic, this reviewer questions whether the plasmids were within the micelle core, were associated with the PEO corona, or were just free plasmids taking advantage of a lower cavitation threshold induced by the Pluronic® micelles.
Future
Questions regarding mechanisms
Despite the abundance of research on ultrasonic-activated drug and gene delivery, there yet remain plenty of unanswered questions and potential improvements that should keep researchers busy for several more years.
Perhaps the foremost question that researchers should address is whether ultrasonic delivery from micelles has any advantage over delivery using microbubbles such as contrast agents. Cavitation is definitely involved in micellar drug delivery that does not use contrast agents, but what is the source of the bubbles? Are these mysterious bubbles nucleated and grown to a uniform and predictable size and density, or are they random and haphazard, thus potentially creating random and haphazard results? Since the size distribution is not known, it is difficult to predict the ultrasonic frequency that would be most efficient to produce the desired type of cavitation. The addition of stabilized microbubbles (such as contrast agents) has the definite advantage of presenting a bubble population with a known size and concentration, so they can be modeled mathematically or at least correlated with various results. Micelles, however, can carry and release hydrophobic drugs, which bubbles can do only if there is an oily layer also present in the bubble, as has been demonstrated by Unger's lipospheres [134] . Micelles also have a strong advantage over bubbles because of their size. They are not cleared as quickly and they can extravasate into some tumors.
Another disadvantage of micelles is that they have no convenient method of sequestering and delivering DNA and RNA. Thus their potential use in gene delivery is small or perhaps non-existent. One might as well use the more controlled and proven microbubbles, although there is still a problem with the lack of extravasation.
Nanoparticles composed from positively-charged lipids and polymers could have a tremendous advantage over micelles in the area of ultrasonic gene delivery in situations where bubbles could not be used. As mentioned, microbubbles cannot extravasate beyond the endothelium in the circulatory system, except perhaps in tumors with extremely large gaps in the endothelium.
The observation by Larina et al. [122] that solid nanoparticles reduce the cavitation threshold in water is fascinating and generates the question of whether such a threshold reduction would also occur in intracellular fluid. The obvious, easy, and fairly useless answer is "probably so", but the real issue is "how much". One can also ask the same question for micelles: "Do micelles also reduce the cavitation threshold?" The general theory of colloids and gas bubble nucleation confidently state that the answer is yes; but again, hard numbers on the extent of threshold reduction are missing. Do all micelles lower the threshold equally, or do the chemical details of the surfactant molecules play an important role? On the other hand, perhaps this topic has not been vigorously studied because it may not be important in the larger scheme of drug delivery. One should question whether a lower threshold is necessary to improve targeted drug delivery. Usually lower acoustic energies are correlated with less cell damage, but less damage is also attributed to less energetic cavitational activity. So lowering the threshold with particles to produce less cell damage may also produce less gene and drug delivery.
A related question is whether these polymeric and surfactant micelles naturally scavenge and sequester gas molecules dissolved in the liquid phase. If so, are investigators inadvertently using gas-filled micelles, which are a form of nanobubbles, and would they follow classical bubble behavior with their very high surfactant to gas ratio and very small radius of curvature? This is another area ripe for study, both theoretically and experimentally.
So much for the esoterical questions that may or may not have any bearing on clinical applications of ultrasound in drug and gene delivery. The questions that the clinicians pose are much more practical, such as what drugs can be carried by nanoparticles, and what are the loading levels. Other practical questions include how to attach active targeting moieties to the nanoparticles and whether active targeting is really needed if one can just focus ultrasound on the target site. Perhaps most important are questions related to the toxicity of the nanoparticles and/or their degradation products. It seems as if there are more questions than answers, and hopefully these questions will stimulate creative research to improve ultrasonic drug and gene delivery.
Potential for therapeutic use
With all of the unanswered questions and possible pitfalls mentioned above, one may ask what is the potential for therapeutic use of such a system within the next few years. Without a crystal ball we can only guess; but our guess would be that there will be a great competition in the area of ultrasonic gene delivery between microbubbles, which are already well accepted in the clinic, nanoliposomes, and nanovehicles, particularly nanoemulsions and solid nanoparticles, which are newcomers. We predict that while nanobubbles may win the competition in the realm of gene delivery to cells within a layer or two of the circulatory system, nanovehicles will find their niche in gene delivery to tumors in which they can extravasate.
Micelles, with their limited stability and hydrophobic interior, may never find a place in gene delivery. However, they have great potential for ultrasonic-activated delivery of hydrophobic drugs. We foresee possible uses beyond just cancer chemotherapy. Other potential applications include localized delivery of pain medications, either to the source of the pain signals, or perhaps to the nerves carrying the pain signals. Another potential application is in the localized delivery of steroids for anti-inflammatory therapy, or in the delivery of hormones or signaling peptides.
One of the limitations of ultrasonic delivery from nanovehicles has been that much of the early research was conducted at very low frequency (b 250 kHz), and such low frequency is difficult to focus into small volumes. However, we think that the field of high intensity focused ultrasound (HIFU) will continue to develop and produce transducers and supporting equipment that can be used in conjunction with these nanovehicles.
To summarize the future of ultrasonic drug and gene delivery with the various types of nanoparticles, there is already a foundation in place, but the edifice has yet to be built. Each type of nanovehicle will find its particular niche in therapeutic medicine, and there will be strong competition between microbubbles, nanoemulsions, and nanoparticles for gene delivery. Obviously there is still much research to be done.
Summary
Several recent review articles have summarized the new advances in polymer genomics [53, 135] , nanoparticles used in drug delivery [136] , polymers used in cancer therapy [137] and therapeutic ultrasound [20, 22, 23, 138] . Here we have reviewed the recent advances in the use of micelles, nanoparticles, liquid emulsions, liposomes, and shelled vesicles in combination with ultrasound in drug delivery. Based on the above-mentioned advantages of both acoustic power and nanocarriers, it is probable that both research areas will experience considerable expansion in quantity and scope.
Nanoparticles have played and will play a major role in ultrasonic drug and gene delivery, particularly in delivering the therapeutic to the targeted delivery site. The major advantage that nanoparticles have over microbubbles is that they can be made small enough to extravasate effectively from the leaky vasculature of some tumors. Their advantage over nanoliposomes is that they can sequester and deliver hydrophobic drugs. Some disadvantages include their often-challenging preparation and instability. Toxicity should always be addressed, as with any drug delivery vehicle.
Currently, the most commonly used nanoparticles with ultrasound are polymeric micelles.
Although not yet in the clinic, there is more published on ultrasonic delivery with polymeric micelles than other nanoparticles reviewed herein (excluding nanoliposomes and gas bubbles). Most of the polymers employed in these micelles are polyether block copolymers, particularly those with hydrophilic blocks of polyethylene oxide. Ultrasound releases hydrophobic drugs from these micelles, most probably by shear effects from bubble cavitation. Ultrasound appears to create transport pathways through the cell membrane by which drugs and genes can enter the cytosol. The role of US in upregulating endocytosis is still under investigation.
Micellar drug delivery has been effective in rat and mouse cancer models employing ultrasound between 20 kHz and 1 MHz of relatively low intensity. Micelles could probably find even more use when combined with additional strategies such as conjugation with targeting ligands and concurrent deployment with microbubbles. Ultrasonic gene delivery employing micelles is still in its infancy (and may remain there).
Nanoemulsions have been used to a small extent for both drug and gene delivery with ultrasound, particularly emulsions of perfluorocarbon liquids such as perfluoropentane and perfluorohexane. These liquids have very high vapor pressures and are thought to transform to gas bubbles during the lowpressure phase of the acoustic cycle, thus proffering the advantages of bubbles in a smaller nanosized package.
As with nanoemulsions, ultrasonic gene delivery with solid nanoparticles is also in its infancy. Some solid polymeric nanoparticles appear to reduce the cavitation threshold, but the mechanism behind this observation is unproven. Cationic polymers are used to condense DNA, and their efficiency in gene delivery is greatly enhanced by the presence of microbubbles. Drugs have been incorporated into degradable polyester nanoparticles that have been used in conjunction with US.
There remains a great deal of research to be done and important questions to answer on the pathway to clinical application of ultrasonic drug and gene delivery from nanoparticles, the most important of which is the question concerning the acoustic parameters to be used. The research and theory that applies to microbubble interactions with ultrasound may not apply to nanoparticles. Despite the long research road ahead, their prospect is bright for beneficial applications in medicine.
